Conversion of medium-grade heat (temperature from 500 to 1000 K) into electricity is 13 important in applications such as waste heat recovery, or power generation in solar thermal and 14 co-generation systems. At such temperatures, current solid-state devices lack of either high 15 conversion efficiency (thermoelectrics) or high-power density capacity (thermophotovoltaics 16 and thermionics). Near-field thermophotovoltaics (nTPV) theoretically enables high power 17 density and conversion efficiency by exploiting the enhancement of thermal radiation between a 18 hot emitter and a photovoltaic cell separated by nanometric vacuum gaps. However, significant 19 improvements are possible only at very small gap distances (< 100 nm), and when ohmic losses 20 in the photovoltaic cell are negligible. Both requirements are very challenging for current device 21 designs. In this work, we present a thermionic-enhanced near-field thermophotovoltaic (nTiPV) 22 converter consisting of a thermionic emitter (graphite) and a narrow bandgap photovoltaic cell 23 (InAs) coated with low-workfunction nanodiamond films. Thermionic emission through the 24 vacuum gap electrically interconnects the emitter with the front side of the photovoltaic cell and 25 generates an additional thermionic voltage. This avoids the use of metal grids at the front of the 26 cell, and virtually eliminates the ohmic losses, which are unavoidable in realistic nTPV devices. 27
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generates an additional thermionic voltage. This avoids the use of metal grids at the front of the 26 cell, and virtually eliminates the ohmic losses, which are unavoidable in realistic nTPV devices. 27
We show that nTiPV operating at 1000 K and with a realizable vacuum gap distance of 100 nm, 28 enables a 10.7-fold enhancement in electrical power (6.73 W/cm 2 ) and a 2.8-fold enhancement 29 in conversion efficiency (18 %) in comparison with a realistic nTPV device having a series 30 resistance of 10 mΩ·cm 2 . 31
Introduction 32
Thermionics (TIC) 1, 2 and thermophotovoltaics (TPV) 3, 4 are highly efficient alternatives to 33 thermoelectric generators (TEG) 5 . In TIC, electrons are thermally emitted from a hot 34 emitter/cathode and collected in a cold anode/collector, subsequently producing an electrical 35 current. In TPV, thermally radiated photons are absorbed in a low-bandgap semiconductor and 36 excite electron-hole pairs, which are selectively collected to produce an electrical current. Both 37
TPV and TIC have already demonstrated higher conversion efficiencies than TEG at 38 temperatures beyond 1000 ºC (~ 24 % for TPV 6, 7 and ~ 11% for TIC 1 ). However, the power 39 density is comparatively very low (e.g. less than 1 W/cm 2 for TPV at 1039 ºC . Recently, a combination of the last two has been also proposed 51
12
. nTPV is the strategy with the highest theoretical potential. It consists of creating nanoscale 52 vacuum gaps between the emitter and the photovoltaic (PV) cell, so that evanescent waves 53 (photons) tunnel from the emitter to the cell and contribute to generating electrical power. Near-54 field thermal radiation transport was thoroughly investigated from both theoretical and 55 experimental points of view 13, 14 , and its potential use for heat-to-electricity conversion widely 56 analyzed 15 . Only very recently the proof-of concept of nTPV has been finally achieved by 57 measuring a 40-fold enhancement of the electrical output power at gap distances of less than 58
nm

16
. However, nTPV has (at least) two main relevant issues that may impede its further 59 deployment: first, the quite high ohmic losses due to the very high current densities that must 60 flow laterally through thin semiconductor layers within the PV cell; second, the very small 61 vacuum gaps that are needed to obtain a significant improvement in electrical power density. 62
In this work, we present a theoretical analysis of a thermionic-enhanced nTPV device (nTiPV) 63 that eliminates the ohmic losses and enables higher power densities at larger gap distances than 64 conventional nTPV. It is the aim of this work to illustrate the theoretical potential of a specific 65 device with a medium-grade heat source operating at a temperature of 1000 K. , generated between the front and rear sides of the PV 87 cell). Remarkably, this design avoids the use of front metal grids, eliminating the subsequent 88 shadowing losses, and mitigating the challenges of nano-gap implementation in space-89 constrained near-field TPV devices. In conventional PV cells, either in front-or back-contacted 90 configurations, the main contributors to the ohmic losses are the currents that flow laterally 91 through the semiconductor and metal layers. These losses are fully eliminated in the nTiPV 92 device, where the current flow is nearly unidirectional and transversal to the device's area. 93
Results will show that this is a particularly significant benefit for near-field operation, which 94 involves very large current densities. 95
The far-field counterpart of this device 17 is being experimentally developed 20, 21 . The 96 experimental device operates in ultra-high vacuum (UHV) conditions and uses dielectric micro-97 spacers to create a micrometer vacuum gap between the emitter and the PV cell. Modern 98 microfabrication techniques already enabled the development of thermally and electrically 99 insulated spacers that withstand large temperature gradients. These techniques eventually 100 enabled the experimental demonstration of micron-gap TIC 22, 23 . Sub-micron separation 101 distances were also experimentally realized using nano-spacers in the frame of near-field 102 4 thermal radiation experiments [24] [25] [26] [27] . Despite the recent experimental demonstration of nTPV 16 103 was realized using a suspended emitter and precise alignment tools, current research efforts 104 target the integration of spacers into stable nano-gap nTPV devices 28 . All these recent 105 progresses should be directly transferrable to the experimental implementation of nTiPV 106 devices. 107
Methods 108
Analysis of the nTiPV device described above requires the calculation of the total net flux of 109 photons and electrons through nanoscale vacuum gaps, along with the generated current-voltage 110 characteristics for both thermionic and photovoltaic converters in the near field. 111
For the thermionic part, the electrons' energy flux ( ), the generated current density ( ) and 112 output voltage ( ), can be calculated by neglecting collector's back emission as way that holes could not diffuse towards the thermionic collector. This is a reasonable 142 assumption given the presence of electrically active defects in the semiconductor-diamond 143 interface, as well as the very high doping levels of both the p-doped InAs layer and the diamond 144 thin film, both effects preventing the creation of Schottky barriers in the semiconductor-145 diamond interface 18, 36, 37 . Optical properties of InAs corresponding to interband absorption and 146 interactions with free carriers and phonons, are calculated using the method described in 38 and 147 As explained in the previous sections, both thermionic and photovoltaic currents must be 174 identical within the nTiPV device due to the series interconnection, i.e.
. This 175 means that their respective internal voltages, and (see Figure 2 (b) ), must be adapted to 176 meet this condition. However, the maximum power density attainable for each sub-device 177 would be higher if they were biased independently. This is illustrated in Figure 2 in Figure 2 (b) ). The transitions through these three regimes take place at two specific distances 195 for which both thermionic and photovoltaic currents are equal. There is one in the near field and 196 another in the far field. Only at these specific distances, both thermionic and photovoltaic sub-197 devices are biased simultaneously at their respective MPP. In all other situations, one of the 198 devices produces a lower current and it is consequently biased at larger voltages than that of its 199 Figure 3 shows the maximum electrical power density (Figure 3 (a) ) and conversion efficiency 201 (Figure 3 (b) ) of nTiPV as a function of gap distance. nTiPV outperforms nTPV provided that the inter-electrode distance is larger than 100 nm and 208 the emitter workfunction is lower than 1.5 eV. Impact of the emitter workfunction is evident for 209 small distances, where a low emitter workfunction (e.g.
MPP. 200
1.3 eV) is needed to produce a 210 high enough thermionic current and fully exploit the enhancement of the photovoltaic power 211 generation in the near field. In the case of larger emitter workfunctions, the low thermionic 212 current limits the total current of the device and near-field effects are not fully exploited. At 213 larger distances, impact of the emitter's workfunction is negligible because the nTiPV device is 214 limited either by the photovoltaic current or by the space charge. Quite importantly, nTiPV 215 produces a significantly higher power at larger (more feasible) gap distances (Figure 3 (a) ). For 216 instance, a nTiPV device with an emitter (PV cell) surface workfunction of 1.3 eV (1 eV) 217 produces 6.73 W/cm 2 for a gap distance of 100 nm. This is 3.7 times more electrical power than 218 an idealized nTPV device with negligible ohmic losses (1.82 W/cm 2 ), and 10.7 times more 219 electrical power than a realistic nTPV device having a series resistance of 10 mΩ·cm 2 (0.63 220 W/cm 2 ). Besides, the conversion efficiency is similar to that of an idealized nTPV device (~ 18 221 %), but significantly higher than that of a realistic nTPV device with non-negligible ohmic 222 losses (6.4 %). Generally speaking, we can state that nTiPV operating at 1000 K theoretically 223 enables reaching power densities and conversion efficiencies greater than 10 W/cm 2 and 15 %, 224 respectively, while realistic nTPV is limited to ~ 1 W/cm 2 and ~ 7 % (Figure 4) . 225
Conclusions 226
We have established a conceptual thermionic-enhanced near-field thermophotovoltaic (nTiPV) 227 device for the conversion of medium-grade heat into electricity. The converter comprises an 228
InAs photovoltaic cell and a graphite emitter separated by a nanometric vacuum gap, both 229 elements having engineered low workfunctions. Based on an analytical theoretical model that 230 combines fluctuational electrodynamics and the Langmuir theory, we have shown that nTiPV 231 produces significantly higher electrical power (6.73 W/cm 2 ) and conversion efficiency (18 %) 232 than conventional near-field thermophotovoltaics (nTPV) using moderately large gap distances 233 (100 nm). The major advantages are the elimination of the ohmic losses and the enhancement of 234 the output voltage. According to these results, nTiPV could significantly outperform current 235 thermoelectric devices for the conversion of medium-grade heat sources into electricity. 236
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